The formation of blender-resistant complexes signifying the complete penetration of PL-I phage genomes into the host cells, Lactobacillus casei ATCC27O92, was studied in a tris-maleate buffer using the technique of blending described by Hershey & Chase (t952). The process was not affected much by the age of the cells, but it was greatly inhibited when the cells had been previously starved. The process was dependent on the temperature, and therefore it was considered to be an energyrequiring process. Apparent activation energy (#) was calculated to be about 8"3 kcal. The process which had been first inhibited at o °C was recovered at any time when the temperature was raised to 37 °C. Among the metabolic inhibitors tested, IO raM-arsenate inhibited the process selectively without affecting either the infectivity of phage particles or the viability of the cells. On the contrary, cyanide, azide, arsenite, monofluoroacetate, dinitrophenol, pentachlorophenol, dicumarol, chloramphenicol and gramicidin S did not exhibit such a selective inhibition.
INTRODUCTION
PL-I phage is a virulent bacteriophage specific for a lactic acid-producing bacterium, Lactobacillus casei ATCC27092. This phage does not possess a contractile tail sheath as do the T-even bacteriophages of Escherichia coli (Kozloff & Lute, I957a, b; Kozloff, Lute & Henderson, I957; Simon & Anderson, 1967) , thus, although the PL-I phage particles attach with their tail tip to the cell walls, the mechanism of injection must be somewhat different from that of T-even phages. It is suggested that the phage genomes might be pulled into the cytoplasm by some activation of the host cells themselves, possibly through the specific interaction of the certain components of cell and the phage tail tip.
In this paper the rate of the formation of blender-resistant complexes, which corresponds to the complete penetration of phage genomes, was compared with bacteria in different energy states. The supposition that a high energy level in the cells is required for the penetration of phage genomes into the cells was partly supported by the findings obtained here.
METHODS
Bacteriophage and the host bacterium. A virulent phage, PL-I, and the host bacterium, Lactobacillus casei ATCC 27092, were used in this experiment.
The bacteria were grown in MR medium for I8 h at 37 °C, and then subcultured into fresh medium (r ml into Io ml) where they were incubated for an additional 3 h. The bacteria thus obtained (density of 3 to 4 × Io8 cells/ml) were centrifuged, washed twice and resuspended at the desired concentration in a tris-maleate buffer, pH 5"5 to 6.0. Bacterial concentrations were determined by turbidity measurement or by colony counting. The phages were propagated on bacteria grown in MR medium supplemented with IO mM-CaC12 at 37 °C and purified by differential centrifuging. The phage titres were determined by the standard agar-layer technique and recorded as p.f.u./ml. The details of these procedures have been described in a previous paper (Watanabe et al. I97o) .
Medium and buffers. MR medium contained Io g polypeptone (pancreatic digest of casein corresponding to the XVI-USP reagent: Daigoeiyo-Kagaku Co.), log glucose, Io g sodium acetate, 3 g yeast extract, 3 g beef extract, I g NaC1, o.2 g MgSO4.7H20, o.oi g MnSO4.H~O and o.ooi g FeSO~.7H~O per 1 of deionized water. The pH was adjusted to 6.o with acetic acid before autoclaving. For phage propagation 1.5 g CaC12.2H20 was added to this medium.
Starvation buffer was a tris-buffered salt medium described by Denhardt & Sinsheimer (I965) , which contained in I 1, 5 g KC1, I g NaC1, I'2 g tris (hydroxymethyl)-aminomethane, o.I g MgSO4.7H20, I ml of I M-CaC12, and the pH was adjusted to 8.I with HC1 before autoclaving. 5o mM-tris-maleate buffer (pH 5"5 to 6.o) was used for the incubation medium, and Io mm-phosphate buffer (pH 7"o) containing I mm-MgSO4 was used for phage dilution.
Chemicals. Most chemicals were purchased from the Wako-Junyaku Co. Gramicidin S was kindly supplied from the Nikken-Kagaku Co. All chemicals were the highest commercial grade available and were used without further purification.
Assay of blender-resistant complexes. The assay was based on the fact that blender treatment prevents the penetration of infectious phage genomes into the cells after phage particles have been adsorbed (Hershey & Chase, I952) . Concentrated bacterial suspensions (about 5 × IO9/ml) were mixed with PL-I phages at an input multiplicity of about o.I at 37 °C in 5o mM-tris-maleate buffer of pH 5"5 containing Io mM-CaC12. More than 95 % of the input phage particles were adsorbed to the cells within 2 min in all cases. Then, after Ioo-fold dilution into the same buffer to stop adsorption, the diluted phage-cell mixtures were incubated further to allow the penetration of phage genomes into the cells. At various timeintervals, samples were taken and chilled in an ice bath to halt the penetration process. After centrifuging the mixtures at IOOOO g for Io min at 2 °C, the sedimented cells were resuspended in Io ml of the same buffer or 1% polypeptone solution, blended in the cold for 2.5 min at maximum speed in a Nihonseiki blender and assayed for numbers of phageinfective centres, indicating the numbers of bacteria into which a phage genome had already penetrated. Besides shearing off the phage protein coats attached to the surface of cells, the blender treatment was capable of inactivating free phage particles. However, the colony-forming ability of phage-uninfected cells was not affected.
RESULTS

Effect of the age of the cells
The effect of the age of the cells on the rate of the formation of blender-resistant complexes was investigated using the cells of 3 h culture corresponding to a logarithmic growth phase, those of 7 h, a late-logarithmic growth phase, and those of r6 h, stationary growth phase. The result is shown in Fig. I , in which the yields of blender-resistant complexes per input phage are plotted in percentage as a function of the time after phage and bacteria were mixed.
The rate of phage adsorption to the cells was not affected by the age of the cells, and x ~og/ml) in various growth phases were singly infected with PL-I phages in 5o mM-tris-maleate buffer, pH 6.o, containing ro mM-CaCI2. After 5 rain adsorption, the mixtures were diluted Ioo-fold with the same buffer and incubated further at 37 °C, and at intervals the phage-infective centres surviving after blending were determined. Host-cell culture: © C), 3 h; I1--11, 7 h; O--O, I6 h. Fig. 2 . Effect of starving the cells on the formation of blender-resistant complexes. Host cells (5"o x lo~/ml), some of which had been starved, were singly infected with PL-1 phages in 5o mu-trismaleate buffer, pH 5"5, containing IO mM-CaCl~. After 2 min adsorption, the mixtures were diluted loo-fold with the same buffer and incubated further at 37 °C, and at intervals the phage-infective centres surviving after blending were determined. Host cells : 0--0, not starved (control); 0--0, starved.
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I adsorption was almost complete in all cases under the conditions used here. However, as Fig. I shows, immediately after dilution of the phage-adsorbing cells into the incubation buffer, the penetration of phage genomes into the cells had not yet occurred and the yield of blender-resistant complexes was markedly low. The yield, however, increased with time in every case in the same manner. This shows that a certain time is required for the formation of blender-resistant complexes in this phage-host system. The cells at a logarithmic growth phase gave the highest yield; however, the differences were not very significant.
Effect of the starvation of the cells
In one of the attempts to ascertain the energy requirement for penetration, the ability of starved cells, whose active metabolism and intracellular level of high energy compounds such as ATP are considered to be lowered, to form blender-resistant complexes was compared with that of the unstarved cells. If the cells actually provided energy for the penetration of phage genomes into the cells, a decrease in the amount of high-energy compounds in the cells by starving the ceils would lead to a decrease in the ability of the cells to form blenderresistant complexes. The cells grown to a logarithmic growth phase were collected by centrifuging and resuspending in starvation buffer, pH 8.I, and starved for 2 h at 37 °C under shaking. The resulting starved cells were pelleted, washed and resuspended at high density in 50 my~-tris-maleate buffer, pH 5"5, containing Io mM-CaC12 for use. All were viable and able to form colonies on plating. Fig. 3 . Temperature-dependence of the formation of blender-resistant complexes. Host cells (5'~ × Io9/ml) in logarithmic growth phase were singly infected with PL-I phages in 50 mM-trismaleate buffer, pH 5"6, containing Io mM-CaC12. After 2 min adsorption the mixtures were diluted Ioo-fold with the same buffer and incubatecl for 2o min at the temperature ofo to 37 °C. Then, the phage-infective centres surviving after blending were determined. starved and unstarved cells. In the case of unstarved cells, the numbers of blender-resistant complexes increased with time, and after 4o min incubation about 5o % of the input phages were recovered under the conditions used here. On the other hand, when the starved cells were used, only as much as IO % were recovered. Starvation did not affect the ability of the cells to adsorb free phage particles. These results indicate that, in the absence of active metabolism, the phage genomes are not pulled into the cells, although the detailed mechanism of pulling reaction has not been clarified.
Effect of incubation temperature
The effect of incubation temperature on the formation of blender-resistant complexes was then examined at temperatures ranging from o to 37 °C. In Fig. 3 the result is shown in the form of an Arrhenius plot (Dawes, 1964) . As an expression of the reaction velocity, the fraction of blender resistant complexes which had been formed in 20 min incubation was used.
As is clear from Fig. 3 , the formation of blender-resistant complexes was dependent on the incubation temperature and was inhibited at lower temperatures. There was a linear relationship between the logarithm of the reaction velocity constant (k value min -1) and the reciprocal of the absolute temperature from the temperatures below to those approaching optimum. The straight line had a slope of -I-8I. Accordingly, the activation energy (#) was calculated as about 8"3 kcal. This value was almost the same as the activation energy of both the 'irreversible adsorption' reaction of N I phage for Micrococcus lysodeikticus (Lovett & Shockman, 197o ) and the 'eclipse' reaction of R 17 phage infectivity by F-pili-mediated Escheriehia cob (Danziger & Paranchych, 197o) . In the present case, adsorption of phage PL-I occurred to the same extent at o °C as at 37 °C. It was therefore determined if irreversible abortion of adsorbed phages was brought about at o °C. Fig. 4 indicates that cells which had adsorbed phages at o °C were unable to form blender-resistant complexes, and Fig. 4 . Ability of cells abortively infected with phages at o °C to form the blender-resistant complexes on shifting up to 37 °C. Host ceils (34 x Iog/ml) in logarithmic growth phase were singly infected with PL-~ phages in 50 mM-tris-maleate buffer, pH 5"5, containing io mM-CaCI=. After z min adsorption the mixtures were diluted too-fold with the same buffer and incubated at o °C. At the time indicated with arrows, the temperature was shifted up to 37 °C, and at intervals the phageinfective centres surviving after blending were determined. yet retained the potential to do so upon an increase in temperature to 37 °C even after 6o rain incubation at o °C.
The rate of phage genome penetration after raising the temperature to 37 °C was almost the same as in the control where the reaction was carried out at 37 °C from the beginning. These results suggest that the penetration process begins immediately after the temperature is increased to 37 °C. Low temperatures inhibited reversibly the phage genome penetration, but did not cause an irreversible 'abortion' of adsorbed phages. The reversible inhibition caused by low temperature was likely to be due to the lack of sufficient energy to bring about phage genome penetration into the cells.
Effect of metabolic inhibitors
Since the formation of blender-resistant complexes was evidently energy-requiring, some metabolic inhibitors were examined for their effect on the process. Cells which had adsorbed PL-I phages were diluted in 5o mM-tris-maleate buffer, pH 5"5, containing Io mM-CaC12 in the presence of various concentrations of the inhibitors. After 4o min incubation at 37 °C the usual blender treatment of the cell suspensions was done and the numbers of surviving phage-infective centres were compared with those obtained in the absence of inhibitor. The data of these experiments are summarized in Table I , in which the degree of inhibition is expressed as a percentage. As the Table shows, arsenate, which is capable both of uncoupling oxidative phosphorylation and of arsenolysing acetyl phosphate, caused a selective inhibition of the formation of blender-resistant complexes without inactivating either the infectivity of free phage particles or the viability of the cells.
Cyanide, azide, arsenite, monofluoroacetate, dinitrophenol, dicumarol and chloram-K. WATANABE AND S. TAKESUE Table I .
Effect of metabolic inhibitors on the formation of blender-resistant complexes
Host cells (3"3 × rag/ml) in logarithmic growth phase were singly infected with PL-I phages in 5o mM-tris-maleate buffer, pH 5"5, containing Io mM-CaClz. After 2 rain adsorption, the mixtures were diluted ioo-fold with the same buffer, which contained various concentrations of metabolic inhibitors, and incubated for 40 rain at 37 °C Then, the phage-infective centres surviving after blending were determined.
Metabolic inhibitor Concentration BRC* Free phages Host cells
Arsenite o.I mM 16 ----
Gramicidin S 0'9/~g/ml 7 8 -8 9 #g/ml 7I 2i IOO 90 pg/ml 88 25 Ioo * Blender-resistant complexes.
phenicol did not affect the process much at the concentrations used here. Gramicidin S and pentachlorophenol caused marked inhibition; however, at the same concentrations they inactivated the cells to almost the same extent. The infectivity of free phage particles was almost unaffected. DISCUSSION Tikhonenko (197o) has proposed the classification of bacteriophages in five morphological groups: (i) filamentous phages, (ii) phages with no tail, (iii) phages with a short tail, (iv) phages with a long and noncontractile tail, and (v) phages with a tail of complex structure with a contractile sheath. The PL-I phage used in this work has a long flexible tail which does not contract. Therefore it belongs to the (iv) group in this classification. Of all bacteriophages, phages in the (iv) group are most widely distributed. However, there is much less information on the infection mechanism of phages with a long, non-contractile tail than there is concerning those of phage with a contractile tail sheath. It is clear from the electron microscopic study (K. Watanabe, unpublished data) that in the initial stage of normal infection PL-I phages are adsorbed tail first directly to the cell surface, but it is not clear what subsequent reactions must occur before the phage genomes reach the host cell ribosomes. It seems to be most likely, as proven for T-even phages (group v) of Escherichia coli, that only the phage genomes pass into the host cytoplasm, the protein coats remaining outside the cells.
Lovett & Shockman 097o) investigated the process of 'irreversible adsorption' of N r phage (group iv) to the cells of Microcoecus lysodeikticus. They showed that the process was dependent on temperature and that the activation energy for the process was 8-6 kcal. They suggested, however, that the process would not require cellular participation in terms of energy or enzymes, since it was resistant to ~o mM-potassium cyanide. In a normal energyrequiring process, both chemical and biological, the reaction velocity varies characteristically with changes in temperature. Therefore, if the process of the penetration of phage genomes is an energy-requiring one, it must be influenced by the reaction temperature. In fact, in the case of PL-I phage, there was a graded response to temperature, yielding an activation energy (/~) of 8"3 kcal. This is almost the same order of magnitude as the activation energy for many biological processes, confirming the premise that the process of PL-~ phage genome penetration is an energy-requiring one. PL-I phage particles were adsorbed at a normal rate to the cells which had been starved in a tris-buffered starvation medium. However, most of the phage genomes did not penetrate the cells. This finding indicates that in the absence of active cellular metabolism, PL-~ phage genomes remain outside the cells where they are accessible to the blender treatment. The idea that the host cells themselves and not phage particles supply the energy for penetration is in agreement with work of Danziger & Paranchych (I97o) on a RNA phage, who suggested that the 'eclipse' of R I7 phage (group ii) by F-pill-mediated Escherichia coli requires the active participation of the host cells, since the eclipsing of phage RNA was suppressed by low temperature. Although these results were highly suggestive of an energy requirement, it was felt that a more direct approach was to carry out the reaction in the presence of metabolic inhibitors such as respiratory inhibitors and the uncouplers of oxidative phosphorylation. The penetration of PL-I phage genomes as well as those of N I phage was not significantly inhibited by respiratory inhibitors such as potassium cyanide. However, resistance to such drugs does not always imply that energy is not required, because they inhibit only electron transfer in a respiratory chain. Although dinitrophenol, a typical uncoupler of oxidative phosphorylation, did not inhibit the penetration of PL-~ phage genomes, Io raM-arsenate inhibited the process selectively without affecting either the infectivity of free phage particles or the viability of the cells. Arsenate, besides uncoupling oxidative phosphorylation, is capable of arsenolysing acetyl phosphate which is one of the high energy compounds. Therefore, the results with arsenate in the present instance may have been due to some effect over and above that of dinitrophenol, and of simple respiratory inhibitors such as cyanide, azide, arsenite or monofluoroacetate. The existence of such a potent and selective inhibitor as arsenate will certainly be useful to elucidate the mechanism of phage genome penetration.
